Recently, hptc, a human gene homologous to the Drosophila segment polarity gene patched (ptc), has been implicated in the nevoid basal-cell carcinoma (BCC) syndrome, and somatic mutations of hptc also have been found in sporadic BCCs, the most frequent cancers found in the white population. We have analyzed the hptc gene, 
Basal-cell carcinoma (BCC) is the most frequent skin cancer in the white population (1) . BCCs mostly occur sporadically in relation to sun exposure, although their incidence is increased significantly in some rare genetic disorders. For instance, patients with either the nevoid BCC (NBCC) syndrome, also known as Gorlin's syndrome (2) , or the Bazex-Dupré-Christol syndrome (3) have numerous BCCs, together with characteristic developmental abnormalities. Patients with xeroderma pigmentosum (XP), a rare autosomal recessive syndrome characterized by hyperphotosensitivity, also are highly prone to cutaneous cancers, including BCCs.
Recently, the gene involved in the development of the NBCC syndrome has been identified as the human homologue of the Drosophila segment polarity gene patched (hptc; refs. 4 and 5) . hptc maps to chromosome 9q22.3 and encodes a transmembrane glycoprotein that is the receptor for the hedgehog (HH) signaling protein (6, 7) . The HPTC protein thus plays a key role in the regulation of the HH signaling pathway, whose main impact is on the control of cell differentiation and proliferation (8) . Germ-line mutations of hptc are characteristic of the NBCC syndrome, and somatic mutations also have been found in sporadic BCCs occurring in the general population (9) . Moreover, mutations of the hptc gene often are associated with loss of heterozygosity of the 9q chromosome, suggesting that hptc can behave as a tumor suppressor gene (4, 9) .
The high incidence of epitheliomas that develop in sunexposed areas of the skin of patients with XP (i.e., Ͼ4,000 times the incidence in the general population) has implicated the role of unrepaired UV-induced DNA lesions in skin carcinogenesis (10) . Indeed, it has been shown that, because of the alteration of specific genes implicated in nucleotide excision repair, XP cells cannot eliminate UV-induced DNA lesions efficiently. Thus, the replication of unrepaired lesions can lead to the so-called ''UV-specific'' DNA mutations, which are mainly C 3 T transitions targeted at bipyrimidine sequences and CC 3 TT tandem mutations considered to be the veritable UV signature (11, 12) . These UV-induced DNA mutations occur with much higher frequencies in UVirradiated cultured XP cells compared with normal cells and in XP skin tumors compared with skin tumors from the normal population (13, 14) . Thus, XP provides a very useful human model for studying the relationship between unrepaired UVinduced DNA lesions, mutations, and skin carcinogenesis. This model is best illustrated in recent molecular epidemiology studies (including those from our laboratory) that have identified higher levels of mutations in the ras oncogenes (13) and in the p53 tumor suppressor gene (14, 15) in XP carcinomas compared with the same genes in non-XP epidermal carcinomas. Moreover, analysis of the p53 mutation spectrum has shown clearly that the majority of p53 mutations are UVspecific in both XP and non-XP skin tumors, indicating the causative role played by sunlight in this carcinogenic process (15) (16) (17) .
In this study, we analyzed the hptc gene in DNA isolated from XP BCCs, because it is considered to be a tumor suppressor gene that can be implicated in carcinogenesis through gene loss or misexpression and that also is involved in the development of BCCs. Our data have confirmed the presence of high levels of UV-induced mutations (C 3 T or CC 3 TT transitions) all located at bipyrimidine sites on the hptc gene. Moreover, in 7 of 14 (50%) BCCs from patients with XP, both hptc and p53 are mutated, indicating that these genes are targets for alterations in the multistep mechanisms involved in skin tumorigenesis. Our analysis of epitheliomas from repair-deficient patients with XP further strengthens the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
PNAS is available online at www.pnas.org. This paper was submitted directly (Track II) to the Proceedings office. Abbreviations: XP, xeroderma pigmentosum; BCC, basal-cell carcinoma; NBCC, nevoid BCC; SSCP, single-strand conformation polymorphism; SCC, squamous-cell carcinoma.
§ To whom reprint requests should be addressed. e-mail: daya@ infobiogen.fr.
link between UV-induced DNA lesions, DNA repair, and skin carcinogenesis.
MATERIALS AND METHODS
Clinical Samples. During surgical resections, 22 BCCs from 20 patients with XP (2 independent tumors were taken from 2 individual patients) were obtained. As it was not possible to carry out microdissection of tumor samples, the maximum amount possible of the surrounding normal tissue was removed. The debulked material was snap-frozen in liquid nitrogen and then stored at Ϫ80°C. Healthy skin from unexposed parts of the bodies of patients with XP (34 samples) or from the bodies of normal white individuals (8 samples) was obtained when possible, and primary skin fibroblast cultures were established in MEM (GIBCO͞BRL) supplemented with 15% (vol͞vol) FCS and 1% (vol͞vol) antibiotics and fungicides.
The majority of the samples for biopsy were obtained from the Institut Gustave Roussy or from the Centre HospitaloUniversitaire de Bab El Oued; the remaining samples were from different hospitals throughout France.
Isolation of DNA. Tumor tissue finely ground in liquid nitrogen and tissue cultures collected as cell pellets were lysed in 50 mM Tris⅐HCl, pH 8.0͞10 mM NaCl͞10 mM EDTA͞0.5% SDS͞100 mg/ml proteinase K. After incubation at 37°C and two extractions with phenol͞chloroform, the aqueous phase containing DNA was dialyzed once with TE (10 mM Tris⅐HCl, pH 8.0͞1 mM EDTA) containing 1 M NaCl buffer, followed by a second dialysis with TE alone.
Single-Strand Conformation Polymorphism (SSCP) Analysis. SSCP analysis of the 22 exons of the hptc gene was carried out by using primers described in previous studies (4, 18 30 s, and 72°C for 1 min (Gene Amp PCR System 9600, Perkin-Elmer). An extension period of 10 min at 72°C was added at the end of the program, and reactions were stopped by a 3-fold dilution in stop solution [95% (vol/vol) formamide͞20 mM EDTA͞0.05% bromophenol blue͞0.05% xylene cyanole]. The PCR products were denatured for 5 min at 100°C and quick-chilled on ice. They were then analyzed in duplicate on 0.5ϫ MDE gels (FMC) with and without 10% (vol͞vol) glycerol and run at 6-10 W for 16-22 h at room temperature. After autoradiography, shifted bands were eluted from gels, amplified, and sequenced after purification. All samples were analyzed at least twice by SSCP to avoid polymerase errors and to confirm the presence of tumorspecific band shifts.
DNA Sequencing. The SSCP variant bands were treated with shrimp alkaline phosphatase and exonuclease I and cyclesequenced with the Thermosequenase kit (Amersham Pharmacia). The tumor DNAs that did not present mobility-shift changes in the SSCP analysis also were analyzed directly by cycle sequencing after PCR amplification of the hptc gene.
RESULTS
The majority of the tumors used in this study are from young patients with XP from North Africa, where the majority of patients with classic XP belong to the XP complementation group C in which the XPC gene is mutated. DNA from 22 BCCs obtained from patients with XP was screened for mutations in the hptc gene by PCR-SSCP analysis. All the exons were analyzed systematically at least twice by using primers homologous to intron sequences (4, 18) , and all DNAs presenting a mobility shift (Fig. 1A) on the SSCP gel were sequenced. The 7 XP BCC tumor DNAs, which did not show band shifts on SSCP analysis, were analyzed further by direct sequencing after PCR amplification of the hptc gene, and one new mutation, a C1996T transition, was found in exon 13 of tumor DNA from patient M.J. (Fig. 1B) . This DNA did not show a mobility shift in SSCP analysis ( Fig. 1 A, lane 1) , and a very weak but clear mutated band is detected by direct sequence analysis (Fig. 1B) . This probably is caused by a very heterogeneous populations of cells in our tumors that could not be subjected to microdissection before molecular analysis, as the majority of them were obtained directly from North Africa. Thus, in our study, 19 alterations, which spanned the whole hptc gene, were characterized in 16 of 22 (73%) BCCs, and 3 tumors presented 2 different mutations (Table 1) . Moreover, hptc polymorphisms that had not been described previously were identified in our analysis. Table 1 Of the 19 hptc alterations found in this study, 8 are predicted to result in the synthesis of a truncated protein caused by either a premature stop codon or a frameshift leading to a premature downstream stop codon. Remarkably, a CC 3 TT double transition at nucleotide 2295 was observed in three tumors from three different patients. This mutation introduces a premature stop codon at position 770 of the amino acid sequence in the second extracellular loop, immediately downstream of the transmembrane domain of the HPTC protein (Fig. 2) . There have been two other nonsense mutations identified (codons 184 and 926) that give rise to stop codons resulting in truncations situated in the large extracellular loops of the protein. In one non-XP sporadic BCC that was analyzed in a parallel study, we also detected the tandem substitution GG2766AA, which results in a premature stop at codon 926 (data not shown). The two frameshifts that we detected arose from: (i) an 11-bp deletion (nucleotides 2122-2132) in exon 13 that leads to a predicted premature stop codon located 63 bp (Fig. 2) .
The remaining 11 alterations that we have characterized are missense mutations, and their locations on the HPTC protein are also shown Fig. 2 . Interestingly, in two BCCs from unrelated patients, we have observed another tandem CC 3 TT transition located at codon 294, resulting in an arginine-tocysteine change in the first extracellular loop of the protein. In summary, 17 of the 19 (89%) alterations that we have identified are base substitutions: 11 tandem CC 3 TT mutations, 3 C 3 T transitions, 1 CC 3 AT double base substitution, and 2 transversions (T 3 A and A 3 C). It is worth noting that all the single-base substitutions occur at bipyrimidine sequences, particularly at CC sequences that are targets for UV-induced DNA photolesions, and the majority are caused by unrepaired lesions in the nontranscribed strand (Tables 1 and 2) .
There were seven possible polymorphisms of the hptc gene characterized on the basis of the same PCR-SSCP shift obtained with DNA from tumors and healthy unexposed skin ( Table 3 ). The polymorphisms we observed in exon 5, intron 5, and intron 14 have been reported (9, 19) . The other polymorphisms that we detected in our study had not been described. These include a C 3 T substitution at nucleotide 1540 (exon 11) and an A 3 G substitution at nucleotide 2187 (exon 13), neither of which introduces modifications in the amino acid sequence. However, the remaining two polymorphisms (found in tumors and healthy skin from patients with XP), a C 3 T substitution at nucleotide 2161 (exon 13) and an A 3 G at nucleotide 3313 (exon 19) both result in amino acid changes: a proline-to-serine and a serine-to-glutamine, respectively. We also found the C2161T (exon 13) substitution in one control DNA sample from a fibroblast culture of a skin biopsy taken from a normal white individual analyzed for hptc gene polymorphisms.
DISCUSSION
Tumor development is a complex process that occurs either spontaneously or after exposure to genotoxic stress (20) . In skin carcinogenesis, the epidermis is the primary target for the genotoxic agent, UVB radiation emitted by the sun. Molecular epidemiology studies have shown clearly that UV radiation (290-320 nm) can induce mutations, leading to the activation of oncogenes, such as the ras genes (13), or to the loss of function of the tumor suppressor gene p53 (14) (15) (16) . However, the recent discovery of hptc, a gene that plays a central role both in the HH signaling pathway during embryonic development (4, 21) and that also behaves as a tumor suppressor gene (4, 9) , has shed new light on tumor biology. Germ-line mutations of the hptc gene are, in fact, responsible for the NBCC syndrome. Moreover, in sporadic skin cancers, mutations in the hptc gene have been detected only in BCCs, but not in SCC (22, 23) , a specificity raising many intriguing questions.
Our data suggest that a number of hptc gene polymorphisms may exist (Table 3) ; among them, a C 3 T at nucleotide 2161 was reported to be a mutation by Wolter et al. (19) . However, our data show the presence of the same mutation in DNA from two tumors and two unexposed healthy skin samples taken from 34 XP individuals and in unexposed skin from one normal white individual. We are thus confident that this C 3 T alteration is a real polymorphism of the hptc gene. The mutation seen in exon 19 results in a serine-to-glutamine change at amino acid 1109. A glutamine at the same position is also found in mouse, chicken, and Drosophila, indicating that it is an evolutionarily important hptc gene polymorphism.
Analysis of the hptc gene in BCCs from patients with XP has identified 19 modifications in 16 of 22 (73%) BCCs. Of these alterations, 89% (17 of 19) are point mutations, and only 11% (2 of 19) are deletions (Tables 1 and 2 ). These results differ from those observed in sporadic BCCs in which 68% of alterations were point mutations and 32% were rearrangements (9) . In NBCC, the majority (64-71%) of germ-line hptc mutations are rearrangements (18, 24) . These differences may be explained by the absence of DNA repair in the cells of patients with XP, resulting in the higher level of UV-induced point mutations, which is the type of mutation that we find to be predominant in our study. Among the 17 point mutations we found, 11 were missense point mutations all occurring at amino acid residues conserved during evolution. These residues may play key roles in HPTC protein function, in binding sonic HH (SHH) at the extracellular loops (6, 7), in membrane transport for residues located in the predicted transmembrane domains, or in signal transduction, as was suggested (24) for residues of the C-terminal intracellular region of the HPTC protein (Fig. 2) .
Very interestingly, some missense mutations were detected twice (e.g., the CC867TT in exon 6). Although the number of samples in our study is small, given the length of the hptc gene, it is unlikely that recurrent mutations occur at random. It can be supposed then that, depending on the sequence context, some nucleotides have a higher mutagenic potential. The induced amino acid change could inactivate HPTC protein function, and mutated cells could then acquire growth advantages (8) . Further studies of cell lines transformed with different mutant HPTC proteins should provide insight on the role of the different protein regions. In fact, the high levels of point mutations found in the hptc gene of XP skin tumors, in contrast to those seen in sporadic BCCs or in NBCC syndrome (18, 24) , can be extremely useful in defining the codons of the protein whose modification allows cell transformation. Indeed, hptc gene alterations in XP even could be considered as The hptc gene alterations characterized as polymorphisms in this study are indicated on the coding strand, written 5Ј to 3Ј as described by Hahn site-directed mutagenesis in vivo, allowing one to pinpoint the important functional domains of the protein.
Some hptc alterations leading to the introduction of stop codons also have a degree of recurrence, which may be caused by the sequence context. The CC2295TT tandem mutation affecting codon 770 was found in three BCCs analyzed and may correspond to a mutation hotspot of the hptc gene, because, with our small number of XP samples, the probability of finding 3 independent mutations at the same site is lower than 4 ϫ 10 Ϫ3 . This number would be even lower if one considered all the hptc mutations detected up to now. The GG2766AA tandem mutation at codon 926 we found in an XP BCC also was detected in a sporadic non-XP BCC (data not shown). Mutations at such possible hotspots would result in the synthesis of a truncated and nonfunctional protein.
In our study, 79% (15 of 19) of the mutations detected were UV-specific (11 CC 3 TT tandem mutations and 4 C 3 T transitions, including the one found in the CC 3 AT double mutation), and all of these 15 were located at bipyrimidine sites (Tables 1 and 2 ). These mutations occur in the absence of efficient repair of UV-induced DNA lesions, which are mostly cyclobutane pyrimidine dimers and 6-4 pyrimidine pyrimidones. Our results, obtained in BCCs from patients with XP, thus clearly show that unrepaired photolesions resulting in the UV-induced mutations on the hptc gene play a decisive role in tumor formation. In the study analyzing sporadic BCCs (9), the level of UV-induced mutations was significantly lower (44% vs. 79%) than that seen in XP BCCs (P ϭ 0.04 in the Fisher two-sided test). Interestingly, 15 of 17 of the base-pair substitutions we found in our XP tumors are located in the nontranscribed strand of the hptc gene, indicating that there is preferential repair of the transcribed strand in these patients with XP. This conclusion contrasts with the location of mutations seen in tumors from the non-XP population, in which mutations are distributed equally on both strands of the DNA. In fact, our tumor samples are mostly from patients with XP belonging to the complementation group C, known to be efficient in the repair of only the transcribed strand of the DNA.
Together with our previous studies of the status of p53 in XP epitheliomas (14, 15) , the present work strengthens the link between UV-induced DNA lesions, DNA-repair capacity, and tumorigenesis. Moreover, 14 tumor DNAs analyzed here for hptc modifications already have been screened in our laboratory for p53 mutations (14, 15) , and 4 tumors contained only the hptc gene mutation, 1 had only a mutated p53 gene, and 2 did not have either hptc or p53 mutations. In contrast, 7 of 14 tumor DNAs exhibited mutations in both the hptc and p53 genes. Interestingly, all the p53 mutations were UV-specific, which not only further indicates the causal role of UV-specific lesions in skin-cancer development but also lends additional evidence of the multiplicity of genetic alterations leading to tumor formation. Which gene alteration, p53 or hptc, if either, primarily triggers the onset of BCC development remains to be determined. Different authors propose that hptc could be a gatekeeper gene for BCCs (8, 25, 26) , suggesting that alterations of hptc occur at an early stage of the carcinogenic process. This hypothesis is supported by several pieces of evidence. First, germ-line mutations of hptc are associated with a high predisposition to develop BCCs at an early age in patients with NBCC. Second, hptc mutations have been detected in trichoepithelioma, a benign cutaneous tumor that can be associated with BCC. Third, it has been shown in animal models that disruption of the HH signaling pathway is sufficient to induce BCCs within the first few days of the skin development in the embryo (25) .
At present, there is no direct evidence to affirm that mutations of hptc arise earlier than mutations of p53 in BCCs. It is interesting to note that, in a recent study (27) , it was found that p53 alterations are an early event in progression toward SCC in the skin, whereas malignant development involves loss of heterozygosity and alterations of genes located in the long arm of chromosome 9. In fact, the 9q22.3 region contains the hptc gene, which has never been found to be modified in SCC (data not shown and refs. 22 and 23), even though p53 mutations are detected in both BCCs and SCCs. This fact raises the intriguing question of whether the expression of hptc could be specific to a keratinocyte subpopulation giving rise specifically to BCCs. Loss-of-heterozygosity analysis has shown that inactivation of both hptc alleles does occur in sporadic BCC development (9) , and it will be important to confirm this inactivation in XP BCCs. Our data show a high level of mutations (73%) of the hptc gene in XP skin cancers and also strongly indicate the key role played by hptc in BCC formation. However, several recent studies also have explained the role of other members of the HH pathway in BCC development. Overexpression of shh in the epidermis of transgenic mice results in BCC formation (25) , although mice do not naturally develop BCCs. Furthermore, human epidermal keratinocytes retrovirally transduced by a shh-expressing vector can develop into BCCs after grafting onto the nude mouse (28) . The role of the HH pathway also is illustrated well by induction of BCC in embryonic frog epidermis after transgenic overexpression of Gli1 (29) , a downstream effector of the HH pathway. The analysis of the DNAs of other members of the HH signaling pathway should help to gain additional insight into the specific roles they may play in the development of BCC and͞or SCC. For instance, it has been shown recently that smo, the gene encoding the transmembrane activator of the shh pathway and whose expression is constitutively repressed by hptc in the absence of shh, may be mutated in BCC (30) . Likewise, mutations of shh also were found in sporadic BCCs and other tumors (25) .
Our analysis of epidermal tumors from patients with XP has substantiated further the role of unrepaired UV-induced DNA lesions in skin carcinogenesis. The key role played by hptc in BCC development is marked by the high rate of mutations found in our series of XP BCCs. Taken together, our results incite us to examine further how unrepaired UV lesions affect other components of the HH signaling pathway. Indeed, analysis of skin tumors from the cancer-prone patients with XP should help to define more easily which members of the signaling pathway are involved directly in the skin carcinogenesis progression in general.
